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. Primers used for the construction of the various ubiquitin fusion proteins. ... S21-S22 Table S5 . Determination of the intact mass of the Hpg-encoded ubiquitin fusion proteins.. . S23 Table S6 . Determination of the product intact mass of the palladium-mediated cross-coupling between the various ubiquitin-peptide fusion proteins and fluorescein iodide . Figure S1 . Determination of Hpg occupancy in Ub-G4-Hpg after expressing the proteins in XL1-Blue cells in SelenoMet Plus Nutrient Mix medium supplemented with Hpg and methionine biosynthesis inhibitors. The occupancy was calculated to be 64% based on the ion counts of Ub-G4-Hpg and Ub-G4-Met. 
Ub-G4
Ub-G4-Hpg Protein mixture Figure S3 . LC-MS analysis of the palladium-mediated cross-coupling reaction involving Ub-R1-4-Met in PBS buffer at 37 ºC for 30 min. Only charge ladders corresponding to Ub-R1-4-Met were detected, indicating a complete recovery of the starting materials (the minor peaks correspond to the impurity present in the starting materials). 
Ub-R1-4-F4W
k app = 0.15 ± 0.01 s -1 r 2 = 0.9916
Ub-R1-4-R8K
k app = 0.12 ± 0.02 s -1 r 2 = 0.9570
Ub-R1-4-F4Y
k app = 0.080 ± 0.014 s -1 r 2 = 0.9575 Figure S4. Determining the initial rate constants. The reaction yields were plotted vs. time for the palladium-mediated Sonogashira cross-coupling between Ub-G4, Ub-R1-4 and its mutants and the preactivated fluorescein iodide-Pd complex. Each data point represents the average of at least two independent measurements. The initial rate constant, k app , was derived by fitting the curve to the equation: Y=Y max (1 -e -kapp*t ), where Y is the % yield. The second-order rate constant k 2 was calculated using the equation: k 2 Figure S5 . LC-MS analyses of the reaction mixtures for the various ubiquitin fusion proteins listed in Table 1 . The yields of the products were determined by LC-MS based on ion counts and calculated using the following equation: yield % = I product /(I Ub-peptide + I product + I side product(s) ), where I Ub-peptide , I product , and I side product(s) represent the ion counts of the remaining Ub-peptide, product, and side product(s) (if present), respectively. Figure S6 . LC-MS analyses of the reaction mixtures for the various ubiquitin R1-4 mutant proteins listed in Table 2 . The yields of the products (average of at least two trials) were determined by LC-MS based on ion counts and calculated using the following equation: yield % = I product /(I Ub-peptide + I product + I side product(s) ), where I Ub-peptide , I product , and I side product(s) represent the ion counts of the remaining Ub-peptide, product, and side products if present, respectively. 98-678.98+726.31-727.31+782.07-783.07+847.14-848.14+ 924.06-925.06+1016.38-1017.38+1129.25-1130.25+ 1270.32-1271.32+1451.61-1452.61+1693.30-1694.30 09-685.09+732.90-733.90+789.11-790.11+ 854.81-855.81+932.43-933.43+1025.59-1026.59+ 1139.43-1140.43+1282.24-1283.24 
p-Methoxyphenyl iodide (97%)
0
S18
Thiophenyl iodide (36%)
Coumarin iodide (54%) Figure S7 . LC-MS analyses of the reaction mixtures of Ub-R1-4 toward various aryl/vinyl iodides listed in Figure 4 . The yields of the products (average of at least two trials) were determined by LC-MS based on ion counts and calculated using the following equation: yield % = I product /(I Ub-peptide + I product + I side product(s) ), where I Ub-peptide , I product , and I side product(s) represent the ion counts of the remaining Ub-peptide, product, and side products if present, respectively. Pd-cat-1 Table S2 . Fraction eluted after each round of Cu-free Sonogashira cross-coupling reaction-based solution-phase panning. a Fraction eluted was calculated by dividing phage eluted over phage loaded. Table S3 . Representative sequences from the naive library and after each round of the reactionbased panning. 
Experimental procedures and characterization data
Synthesis of biotinylated fluorescein iodide
To a solution of Fluo-I (4.6 mg) in 5 mL DCM was added 1 equiv of hydroxybenzotriazole (HOBt), 1 equiv of NH 2 -PEG 3 -biotin, and 1 equiv of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). The reaction was left at room temperature overnight. After evaporation, crude reaction mixture was purified by column chromatography using DCM/methanol as solvents (40:1, 20:1, 15:1). The pure fraction was dried to afford a yellow solid (3.9 mg, 45%). 1 H NMR (300 MHz, DMSO-d 6 ) 10.13 (broad, 2H), 8.09 (d, J =1.5 Hz, 1H), 7.87 (dd, J = 7.8,
Biotinylated phenyl-iodide
Compound 1 was synthesized following the literature report. 2, 3 To a solution of D-biotin (240 mg, 1.0 mmol) in DMF was added N-hydroxysuccinimide (1.2 equiv) and EDC (1.2 equiv). The reaction was allowed to proceed at room temperature overnight. The resulting mixture was filtered and the residue was washed with water and methanol to afford the NHS-activated biotin 2 as a white solid (163.8 mg, 48% yield Subsequently, to a solution of 2 (102 mg, 0.30 mmol) and 1 (108 mg, 0.36 mmol) in 10 mL DCM was added DIEA (312 L, 1.80 mmol). The reaction was allowed to proceed overnight. The resulting mixture was diluted using DCM and then washed sequentially with 2 N HCl, H 2 O, and brine. The organic layer was separated, dried over anhydrous Na 2 SO 4 , and concentrated to afford 3 as a white solid (65.7 mg, 45% 84, 163.13, 158.79, 138.42, 117.75, 83.66, 66.93, 61.44, 59.62, 55.86, 38.45, 35.49 28.56, 28.45, 25.69 
Phage viability assay
Equal amounts of M13KE phages (10 7 Pfu) in tris-buffered saline (TBS) were loaded to the wells of a 96-well microtiter plate and were either treated with palladium catalyst, Pd-cat-1, or not (100 µL total volume per well) at 37 C for 30 min. Afterwards, all phage in each well were titered by following New England Biolab's protocol 4 using mid-log phase, freshly grown ER 2738 cells.
Construction of phage model systems
Complementary synthetic oligonucleotides encoding either MMPGMM (myc-M4) or THDYPMPGANP (myc-PMP) bearing the restriction sites overhangs (SacI and SpeI) were first annealed and then ligated using T4 DNA ligase (Invitrogen) into pComb3HSS phagemid vector predigested with SacI/SpeI (Invitrogen) at 16 C overnight. After heat inactivation at 65 C for 10 min, 1-2 µL of the ligation mixture was transformed into XL1-Blue cells through heat-shock method (42 C for 45 s). Cells were recovered using SOC medium with incubation at 37 C for S28 1 h. An aliquot was plated on LB-ampicillin plate (100 µg/mL) for overnight incubation at 37 C. Plasmids extracted from colonies were sent for DNA sequencing to confirm the presence of the desired phagemid.
Hpg-encoded phage propagation of single phagemid via methionine biosynthesis inhibition
A single colony of XL1-Blue cells harboring the desired phagemid was grown in LB medium (2 mL) supplemented with ampicillin (100 µg/mL) at 37 C, 280 rpm, for 8 h. Next, cells were spun down and resuspended in 1 mL of SelenoMet plus nutrient mix (methionine-deficient) medium supplemented with 1g/L dextrose and ampicillin. A 100-µL aliquot was taken and added to a 100 mL of the same medium (1000x dilution) followed by incubation at 37 C, 250 rpm, for 15-17 h (or until OD 600 reaches 1.0). The morning after, a corresponding dilution to 0.5 OD 600 was made using SelenoMet plus nutrient mix medium supplemented with ampicillin (total volume of culture was 100 mL). After this, the inhibitor cocktail consisting of 100 mg/L of Lys, Phe, Thr and 50 mg/L of Iso, Leu, Val, was added. After 15-20 min incubation at 37 C, 1 mM of HPG and 1 mM IPTG were also added to the culture. Phage packaging and propagation was then carried out by addition of M13KO7 helper phage (1 x 10 10 phage/mL, final concentration) and the temperature was lowered to 30 C. After 90 min of infection, kanamycin (10 µg/mL) was added and left the culture for incubation at 200 rpm for additional 16.5 h. Phage purification was carried out following NEB's protocol.
Quantification of phage by UV absorbance or by phage titering
The amount of phage is quantified using two methods: by UV absorbance at 268 nm and by phage titering. For application where phage infectivity is not of main concern such as western blot analysis, we measure phage amount by UV (phage/mL); otherwise, we employ phage titering (during selection). However, we observed that for similar amount of Met-encoded phage and HPG-encoded phage, the latter tend to give higher UV absorbance reading presumably due to possible absorbance contribution of HPG that sometimes results to unequal loading.
For phage titering, 10 µL each of the diluted phages was mixed with 90 µL of freshly grown XL1-blue cells (OD 600 ~ 0.5) and incubated at 37 C, 200 rpm, for 20 min. Each dilution was plated on LB-ampicillin plate (100 µg/mL) and incubated overnight at 37 C. Colonies are counted the morning after to estimate the infectivity titer of the phage measured in cfu/mL.
Cu-free Sonogashira cross-coupling reaction on phage
Part 1a. Preactivation of the biotinylated fluorescein iodide, bio-Fluo-I (Method A). In a 0.6-mL microcentrifuge tube was added 142 µL of water, 2 µL of 10 mM biotinylated fluorescein iodide, bio-Fluo-I, (in DMSO), 2 µL of 80 mM sodium ascorbate, and 2 µL of 10 mM Pd-cat-2. The mixture was heated to 37 C and reacted for 1 h with vigorous stirring and was later used for the solution-phase panning.
